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ENERGY RELATIONS FOR TURBULENT FLOW IN ROUGH PIPES
R. E. Powe and H. W. Townes
Mechanical Engineering Department
Montana State University
Bozeman, Montana
59715

ABSTRACT

difficulties.

Nevertheless, if these data are corrected to give a zero value

of u^u 2 at the pipe center line, it appears that the values of u^u 2 /u*2 decrease
This paper describes the results of an experimental and analytical study
with increasing Reynolds number, in contrast to smooth pipe results which in
of turbulent flow in rough pipes.

Appropriate forms of mean and turbulence
dicate no Reynolds number dependency.

Root-mean-square values of the fluc

energy balances were developed by including mean radial and angular velocity
tuating velocity components obtained by Goma and Gelhar^ for spherical type
components and using a spatial averaging technique in addition to the normal
roughness elements are in agreement with the measurements of Robertson et al .**’ 2
time average.

An experimental program was then devised for determining the
The recent investigation of Townes et al.

various terms in these equations.

11

----

confirmed that the u..u2 /u*

2

The quantities measured included the
correlation does indeed decrease with increasing Reynolds number for a rough

longitudinal mean velocity, rras values of fluctuating velocity components in
pipe, and they also found the u^u^ correlation to be nonzero in certain in
the 3 coordinate directions, second and third order correlations between
stances for rough pipes, in contrast to smooth pipe expectations.

By examining

fluctuating velocities, and various components of the dissipation function.
the flow over, and around, a roughness element, they hypothesized that mean
All of these quantities were determined for three degrees of roughness at a
radial and angular components of velocity must be included in any analytical
single Reynolds number.

Calculation of the various energy quantities from the
examination of turbulent flow near rough surfaces, thereby yielding a plausible

measured parameters indicated some very definite roughness effects.

The most
explanation of the observed differences in smooth and rough pipe behavior.

evident reasons for such effects include the fact that a portion of the avail
The current study represents an extension of the previous investigations
able mean energy is converted to roughness energy for flow in a rough pipe
by Townes, et a l . ^

Specifically, appropriate forms of equations representing

and the fact that the roughness elements occupy the region where turbulence is
both mean and turbulence energy balances will first be developed with the in
produced in the smooth pipe.
clusion of mean radial and angular velocity components.

Experimentally deter

mined values of the terms appearing in these equations will then be presented
INTRODUCTION

for one smooth and two sand roughened pipes;

the size of the roughness elements

being chosen so that flow in the hydraulically smooth, transition, and fully
One of the fundamental fluid mechanics areas where very little information
rough flow regimes could be obtained with the three pipes at a constant value
is currently available is that of turbulent flow near rough surfaces.

Consider
of the Reynolds number.

able progress has been made in recent years in acquiring a better understanding
ANALYTICAL CONSIDERATIONS

of the nature of turbulent flow near smooth boundaries, as exemplified by the
1
2
works of Laufer, Bakewell,

Clark,

3

Kline, Reynolds, Schraub, and Rundstadler,

4
Since, in this investigation, only the adiabatic flow case is being con

and many others, but such results have not been extended to the flow near a
sidered, the applicable energy equations will simply express the conservation
rough boundary.
of mechanical energy and can be obtained from the governing momentum and con
Although several studies have previously appeared concerning turbulent flow
tinuity equations, which have been developed by Townes et a l . ^ for flow in
over rough surfaces, they have been mainly in the areas of flow resistance
rough pipes.

The equations used as a starting point for developing both the

and velocity measurements, and thus a great deal more information is needed be
momentum and the energy equations are the well known Navier-Stokes equations,
fore any explanation of the structure of turbulent flow near rough boundaries
which can be written for the current application as:
can be attempted.

One method for partially determining this turbulence struc
3U.
__ 1
3t

ture consists of an examination of the various energy quantities which appear

U . 3U.

I C ^ + F .
L h . 3x.
l

in both the mean and the turbulence energy balances, and this will be the pri

j=l

3

3

(1)

mary purpose of the present paper.

_ 1 _____

Perhaps the first data regarding turbulent flow near rough surfaces were

ph. 3x.

obtained by Nikuradse,"* who experimented with artifically roughened pipes and
where
determined mean velocity profiles and flow resistance characteristics for a
number of pipe radius to sand grain height ratios.

h. = h 0 = 1 ,

Probably the most recent

data for turbulent flow in rough pipes are those of Robertson et al.,^’

3

Goma
V

and Gelhar,® and Townes, Gow, Powe, and Weber.^

(2 a)

h, = x„

2
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The data in the first of these

x 2 3x 2 ’

(2 b)

1=1
investigations were obtained for one naturally rough and one sand roughened
pipe; those in the second were obtained for a pipe with spherical roughness
elements; and the latter were obtained for one smooth and two sand roughened
pipes.

Additional clues regarding the behavior of turbulent flow near rough

F
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2
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3U,

+ ■ V U2 + 2 ^
3

’

(3b)

surfaces may also be obtained from the investigations of Logan and Jones'*-^
F, =
3

and Townes and Sabersky.^

U 0U 0
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+
x.
^2
2
x2

Robertson et al. present both mean and fluctuating velocity components,^
as well as energy spectrum measurements.

7

In an earlier work,

12

In addition, the continuity equation:
they also

obtained measurements of the UjU 2 cross correlation for flow in rough pipes,

3

I
but these data were considered by them to be unreliable because of experimental
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(3c)
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is also required.
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The momentum equations were obtained from Equations 1 by introducing tem
poral mean and fluctuating components of pressure and of velocity in each

9 -- 9
+ v v 2 (u 2 ) "

coordinate direction, including mean radial and angular components, and then
time averaging.

3

9„
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3u- 2

1=1 h.
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The fact that the shape distribution of the roughness elements
An expression for the conservation of energy due to the turbulent fluc

was somewhat random suggested an additional spatial averaging process in the
tuations is then obtained by summing the three relationships indicated by Eq. 9.
angular direction, and such an average value for any variable X was defined by:
The expression for the conservation of energy thus becomes:
r 2V

—
2ir JfI

{X}=

(5)

X dx.
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The time averaged Navier-Stokes equations were then spatially averaged accor
ding to this definition, and the resulting momentum equations were:

3x,

3x,
2

3tJ3 U2u3 + U2 U3

, 1 3(ui V
2
3x.

“"2
(6a)

2v

____
3(u 2u 3)

2
2
u 2 + u3

1 3{P}
P 3x,

u*

1 ? 1 3 (pui)
p ±lx hi 3x.

(6b)

{u.u,} = - {U.U,} ,
2 3
2 3

d{U_ }

- 2 u, -z—
3 3x3

3x,

<ui V

(6c)

( 10 )

+ V v (qZ) -

dx.

An equation expressing conservation of energy in the mean flow can be de
veloped simply by multiplying Equation 6c by the mean longitudinal velocity
gradient in the x 2 direction.

where W is the dissipation function:

2

3 3

This yields:
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This expression indicates that the mean energy available due to the pressure
drop along the pipe is partly converted into turbulence energy by action of the
partly converted into an energy associated with the

As in the case of the momentum equations, a considerable simplification
can be obtained by spatially averaging in the angular direction.

For flow in smooth pipes, this

This yields

the equation:

presence of the roughness elements (hereafter termed roughness energy), and
partly dissipated directly by viscous action.

u*

is the turbulence kinetic energy:

(7)

2

{u3 u2 > shearing stress,

3u. 2
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equation becomes identical to the mean energy balance originally obtained by

(13)

Laufer3 since the {U^l^} correlation vanishes.

X “ (W ),

Next, a turbulence energy balance should be developed.

First, an instan

taneous energy balance for each coordinate direction may be obtained by
where x Is given by:
multiplying the continuity equation, Eq. 4, by !L, adding this equation to Eq.
1, and then mulitplying the resulting equation by U..
«
result is:
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Introducing mean and fluctuating quantities and time averaging, Eqs. 8 become:
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The left hand side of Eq. 13 is indicative of the turbulence energy pro
duced from the mean motion, while the first term on the right hand side repre
sents the direct dissipation of turbulence energy by viscous effects.

+ 2u F
1 1

physical interpretation of x is more difficult.

A direct

By an order of magnitude

analysis Laufer3 has shown that the first term on the right hand side of Eq. 14

is negligible.

distance between the piezometer rings to yield the drop per unit length of

With this in mind, Eq. 14 reduces, for smooth pipes, to:

pipe.
X

.4 dx 0

(15)

(u0q

For all three pipes, such measurements indicated a very uniform suface

coverage by the roughness elements.
The roughness elements themselves were obtained by sifting sand grains

which can be interpreted simply as the convective diffusion of total turbulence
energy.

Thus, for rough pipes x is apparently indicative of both the convec

tive diffusion of total turbulence energy and of any interactions between
turbulence and roughness energy quantities.

It is important to note, however,

that for flow in smooth pipes, Eq. 13 does, in fact, reduce to the turbulence

between two closely spaced sieve sizes, and the roughness size was taken to be
the average mesh size of the two screens.

The sand grains were attached to the

pipe wall by means of a water soluble glue in each case.
degrees of roughness were utilized;

Three different

smooth, 0.0286 inches, and 0.225 inches.

They were selected so that flow in the hydraulically smooth, transition, and
fully rough flow regimes could be obtained at a constant value of the Reynolds

energy balance previously developed by Laufer.'*'

number, approximately 165,000.
EXPERIMENTAL SYSTEM

All mean and fluctuating velocity measurements in this study were obtained

The apparatus for this investigation was developed for the specific pur
pose of measuring the terms which appear in the mean and turbulence energy
balances, Eqs. 7 and 13.

As illustrated in Figure 1, it consisted of a closed

circuit wind tunnel, with air being supplied by a centrifugal blower to the
entrance section through an approximately two-foot diameter flexible duct.
Enclosed within the entrance section were a baffle plate, a series of furnace
filters, and a series of screens to dampen any large eddies from the flow.
From the entrance section, the flow entered a transition section, which was in
the form of a quarter sine wave, and the flow cross-section was reduced to
slightly above one foot square by this transition section.

A short, tapered

using Thermo-Systems constant temperature hot-wire anemometers, linearizers,
and correlators.

The sensing elements were made of copper coated tungsten with

an active length of 0.05 inches and a diameter of 0.00015 inches.

A boundary

layer probe was utilized for all longitudinal velocity measurements, and X-array
probes were utilized for radial and angular fluctuating velocity measurements.
The constant of proportionality between voltage and velocity was obtained from
a dynamic pressure measurement made at the pipe center line using a stagnation
pitot tube.

A correction, as developed by Wills,

13

was applied to the hot-wire

readings for the heat loss to the solid boundary, and readings taken from the
X-array probe used for angular velocity measurements were corrected for the
nonzero separation distance between the two wires.

The location of the boun

dary layer probe relative to the wall was determined by moving the probe to
ward a small polished spot on the surface until the wire and its image appeared

70'

>

" C D ---

to coincide.

With the X-array probes, the distance from the bottom of the

probe to the center of the X was determined with the aid of a comparator before
the probe was installed in the flow system, and the foregoing method was then
I . ENTRANCE
2 . TRANSITION
3 . TEST

SECTION
SECTION

SECTION

4 . CENTRIFUGAL

FAN

utilized to determine the location of the bottom of the probe relative to

5 . CONTROL VALVE

the solid boundary.

6. HEAT EXCHANGERS

This method of locating the probe position was utilized

for both smooth and rough pipes.
In order to determine some of the components of the dissipation function,
energy spectra for the three fluctuating velocities were obtained by feeding

-©— G>

the appropriate voltage signal into a Hewlett Packard Wave Analyzer, and the
results of this study are reported in Reference 14.

Figure 1 - Schematic Representation of Flow System

The wave analyzer was

found, by calibration, to have effective bandwidths of about 6.2 Hz and 93.3 Hz
and to yield reliable results over a frequency range between about 10 Hz and
sheet metal duct was used to mate the transition section to the circular pipe.
620 Khz.

The utilization of a sweeping local oscillator in conjunction with the

A honeycomb section was also installed at the entrance to the aluminum pipe
wave analyzer made it convenient to feed the wave analyzer outputs into a digital
to further insure that no large eddies would propagate downstream.

Seventy
computer, through an analog to digital converter, for recording.

feet of approximately 1 2 -inch diameter pipe preceded the test section, and
Only a very brief description of the apparatus and procedures utilized in
this entire 70 feet of pipe had the roughness elements attached.
the current investigation has been presented here.

For a more comprehensive

The test section was followed by another 4-foot long section of the
discussion, the reader is referred to Powe'*''’ or Powe and Townes.'*'*’

1 2 -inch diameter pipe to insure that downstream effects would not be felt at
the test section.

From this point, the air was directed to a heat exchanger

through which cooling water was circulated.

The flow rate of this water was

adjustable so that a constant air temperature at the test section could be
RESULTS AND DISCUSSION
maintained during each run.

The heat exchanger was connected to a manual

damper, located on the inlet side of the blower, by means of a flexible duct,
and this damper was utilized to control the air flow rate through the system.
For determination of the static pressure drop, a series of piezometer
rings consisting of four wall taps each were located at various positions along

A.

Mean and Fluctuating Velocities
Experimentally determined logarithmic mean velocity profiles for the three

pipes are presented in Figure 2.

From this figure it may be observed that the

velocity profiles are simply shifted downward as the roughness size is in

the pipe, beginning at about fifty diameters downstream of the entrance sec

creased, a trend observed previously by many investigators.

tion.

results, which were obtained both to provide additional data and to validate

The four wall taps comprising each piezometer ring were located ninety

The smooth tube

degrees apart and were connected to a single tube which led to a taut diaphragm

the experimental techniques and apparatus, are in very good agreement with

differential pressure transducer.

previous results, such as those of Laufer.'*'

Thus the pressure drop between two piezo

meter rings was read directly with this transducer and then divided by the

The solid line in Figure 2 repre

sents the smooth tube velocity gradient calculated directly from static pres-

Figure 4 - Fluctuating Velocity Components in Pipe Containing Small Roughness
Elements

sure drop measurements:

and excellent agreement is noted with the hot-wire measurements corrected for
heat loss to the wall.
One unexpected phenomenon which may be observed in the rough pipe velocity
profiles is an apparent tendency toward a nonzero velocity at the wall.

However,

data obtained below the tops of the roughness elements, above the small polished
spot on the surface, are not expected to be generally meaningful, so this occur
rence is not cause for concern regarding the validity of the experimental results.
Instead, it is thought simply to be indicative of an increased heat loss to the
solid surface due to the presence of the roughness elements.

This phenomenon

has been observed in several previous smooth pipe investigations, such as that
of Clark,

3

Figure 5 - Fluctuating Velocity Components in Pipe Containing Large Roughness
Elements

where no correction for heat loss to the wall was applied.

Root-mean-square (rms) values of velocity fluctuations in the three coor
cases U 2 ' and u^' are nearly equal at the pipe center line while u^' has a
dinate directions for the smooth pipe are shown in Figure 3, and these results
somewhat larger value.
are generally in good agreement with those obtained by Laufer.'*'

In proceeding toward the wall, the rms values of all

The only dif
three fluctuating velocities increase to a maximum value before vanishing at

ference appears to be that^' and u^' are equal at the pipe center line while
u^' is slightly larger, and this same observation has been made by Clark,

3

the pipe wall.

Some effects of roughness are evident, however.

The peaks in

the curves for the rough pipes occur at larger distances from the wall than do
those for the smooth pipe simply due to the presence of the roughness elements.
Also, as the roughness size is increased, U 2 ' and u^' tend to become nearly equal
throughout the pipe, indicating a trend toward isotropy by these two velocity
components.
A very major deviation between smooth and rough pipe results is shown by
the “^ 2

cross correlation term in Figure 6 .

which first led Townes et al.

9

In fact, it was this variation

to the concept of including radial and angular

mean velocity components and then performing a spatial average.

Robertson et al.,

and Townes et al.

The solid line

However, in moving from the center line

toward the wall, all three velocities are seen to increase, u^' at the fastest
rate and u^' at the slowest.

All three components vanish at the wall.

The same trends described in the previous paragraph for the smooth pipe
are evident in Figure 4 for the pipe containing the small roughness elements
and in Figure 5 for the pipe containing the large roughness elements.

In both

Figure 6 - Cross Correlation Between Longitudinal and Radial Fluctuating
Velocities

in Figure 6 is the cross correlation between longitudinal and radial fluctuating

center line unless u2 exhibits a Gaussian distribution.

velocity components predicted for the smooth pipe using experimental mean

a minor discrepancy, however, and will not be pursued in the current investiga

velocity data in conjunction with Eq. 6c.

While the smooth pipe u^u2 data are

This is felt to be

tion, although it may be significant to note that the small roughness elements

observed to be in close agreement with this line, the values of u^u2/u*2 obtained

3
have little effect on u2 while the large roughness produces a significant

for the rough pipes decrease as the roughness size is increased, and it should

change.

be recalled that this is the term responsible for conversion of energy from the
B.

Dissipation Measurements

mean motion to turbulence energy.
The terms necessary for a complete determination of the dissipation
Now, even though the turbulence energy balance, Eq. 13, will be determined
function, Eq. 11, are:
by measuring all terms except x and then calculating x» it is of interest to
determine the effects of roughness on some of the components of x-

By examining

3u. 2
(r-i)

Eq. 15, it may be observed that the terms which are readily measurable are

2~

3
u^ u^ and u2 .

Measurement of the remaining terms requires instrumentation

for i = 1, 2, 3;

2
The quantities (3u^/3x^)

which was not available during the course of the current investigation.

j = 1, 2, 3.

(i = 1, 2, 3) are related to the spatical micro

Figure
scale of turbulence by:

2

7 indicates that the u^ u^ correlation obtained for flow in the smooth pipe is
in reasonable agreement with the measurements of Laufer'*' and that the size of

(17)

the roughness elements does not appreciably affect this third order correlation.
3
A very different behavior is indicated for the u2 third order correlation
in Figure 8.

This quantity, as measured for flow in the smooth pipe, is not in

agreement with the measurements of Laufer,*' who indicated that this quantity
vanished at the pipe center line and was negative elsewhere.

In contrast, this

correlation is seen to be positive over the entire flow field in Figure 8.

Measurements of the spatial microscale, a^, are given by Powe and Townes*^ from
energy spectra measurements and will not be repeated here.
Next, consider the term ( S u ^ S x ^

2

.

Hinze

17

has shown that this term is

related to a spatial correlation function by:

Certainly there is no theoretical reason for this quantity to vanish at the
ulul(n)
u !u !/•_•)
1 1
.4 1_

n2
SUj^ 2
= 1 --- =y- (7 7 -) + higher order terms,
2ux2 dx2

where n is a small radial displacement.

(18)

Laufer*' neglected the higher order

terms appearing in Eq. 18, and although one of these terms was considered by
O

0
>

s

0

□

affect

A

u2, u,
□

-.8

Thus, the higher order terms appearing in Eq. 18 will be
By recognizing that u^

t

and u1 (n) will be

$

□

-1.2

SMOOTH

0

3u, 2

[“i - v^Cn)]2
2

SMALL ROUGHNESS

(19)

n

O

LARGE ROUGHNESS

□

-1.6 _

2

nearly identical, Eq. 18 may be written as:
-

A

and this expression lends itself to experimental measurements much better than
A

A

does Eq. 18.
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7 - T h ir d O rd e r

The utilization of Eq. 19 for the determination of the desired

dissipation component requires the simultaneous measurement of the u^ fluc

1.0

tuating velocity at two points separated by a small radial displacement, n-

y/R
F ig u r e

in a reanalysis of Lauferfe data, this term did not appreciably

the results.

neglected in the current analysis.

0
A

-2.0

18
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-.4

a*3

Townsend

A probe having such a dual wire arrangement was especially designed and con
u ^ C o r r e la t io n f o r T h r e e P ip e s T e s te d

structed for the current application.

2

The quantity (3u^/3x^) /x2
2.4 1—

2

can be determined by a method completely

analogous to that described in the foregoing paragraph by writing:

□

3u
2.0 a.
A
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3x 3

A

2
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( 20 )

-------------

£2

" □
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where £ is a small linear separation distance in the x^ direction.

A

SMALL ROUGHNESS

probe having the wire arrangement necessary for evaluating Eq. 20 was designed

□

LARGE ROUGHNESS

and constructed for the current application.
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The wire arrangement and instrumentation required for the determination
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of the remaining components of the dissipation function make their measurement
completely impractical.
Klebanoff

19

Thus, as in previous turbulence studies, e.g. that of

for a boundary layer and that of Laufer

1

for a smooth pipe, it is

assumed that the mean square values of the derivatives with respect to a given
0-

□

-.4

•
_ i 1---------___ L
_____1----------J___
----------11---------1l---------1----------1
1______ I1_
___
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1.0
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3
Figure 8 - Third Order u2

coordinate direction separately satisfy the isotropic relations:

□

□

Correlation for Three Pipes Tested

3u
2 (-5

*3

2
(21a)

This assumption allows the calculation of the remaining components of the dis
sipation function.
Experimentally determined values of the components of the dissipation
function for flow in the smooth pipe are shown in Figure 9.

The behavior of

all of these parameters is somewhat similar; i.e., they all are relatively
small at the pipe center line and increase in an approximately linear fashion,
on log-log coordinates, in moving from the center line toward the wall of the
pipe.

Figure 11 - Distributions of Dissipation Terms for Pipe Containing Large
Roughness Elements

data in these figures is very similar to that of the smooth pipe data, some

y/R

differences are readily evident.

Figure 9 - Distributions of Dissipation Terms for Smooth Pipe

Perhaps the most obvious effect of the rough

ness is the shifting away from the wall of the point where the maximum values
of the dissipation components occur as the roughness size is increased.

This

The only other data available regarding the terms in the dissipation func
appears to result in a pronounced decrease in the maximum value of some of the
tion for fully developed turbulent flow in a smooth pipe appear to be those of
components, especially (3u^/3x2)

2

2

2

and (Bu^/ax^) /x2 .

Laufer,'*' and a point by point comparison with his data is not possible since
the two Reynolds numbers obtained by him were about a factor of three higher
and three lower than that utilized in the current investigation.

C.

Mean Energy Results

However, the
In calculating each of the mean and turbulence energy quantities it was

shapes of the curves obtained in the current investigation are similar to those
necessary to use several of the different types of data presented in the
of Laufer's curves.

Linear interpolation of Laufer's data between the two
foregoing sections, and such data were usually not available at the same values

Reynolds numbers indicates good agreement with the current results, especially
of y/R.

It was therefore necessary to interpolate between measured data points,

regarding center line magnitudes, maximum values, and the radial positions
and simple linear interpolation did not always yield satisfactory results.

An

where these maximum values occur.
equation was fit to each of the foregoing sets of data using standard least
Dissipation components for the pipe containing the small roughness elements

squares techniques, and these equations were then utilized to reproduce the

are shown in Figure 10, while those for the pipe containing the large roughness
experimental data.
elements are shown in Figure 11.

Although the general shape indicated by the

These equations were not meant to be physically significant;

instead, they were selected purely on the basis of how well they represented
the experimental data.

As a result, polynomials from the first through the

fifteenth order were commonly used, and these will not be reproduced here.
However, it should be noted that this method resulted in continuous curves,
rather than discrete points, for the various energy quantities.

Also, it should

be recognized at this point that the roughness energy term was calculated as
the closing entry in the mean energy balance and, therefore, any error will be
lumped into this term.
The mean energy balance for the smooth pipe is shown in Figure 12 for the
central region of the pipe and in Figure 13 for the wall region.

Figure 12

indicates that, while only a small amount of energy is available over the
central region of the pipe, most of the available energy is converted directly
to turbulence energy by action of the

shear stress.

The direct viscous

dissipation of mean energy is negligible throughout this region of the pipe.
Near the wall, both the direct viscous dissipation and the available energy,
hereafter termed availability, increase sharply, as does the turbulence pro
duction.

A maximum turbulence production is attained near y/R = 0.0022

(yu*/v = 8), and the production then approaches zero in an approximately linear
fashion.

It may be observed from Figure 13 that the viscous dissipation and

the turbulence production are approximately equal in magnitude at the point

y/R
Figure 14 - Mean Energy Balance in Central Region of Pipe Containing Small
Roughness Elements

Figure 12 - Mean Energy Balance in Central Region of Smooth Pipe

where the production is a maximum, and this is also the point where Kline
4

et al.

found the oscillations of the three-dimensional streaky structure to

begin.

Also, Laufer"*" indicated no Reynolds number dependence in the terms ap

Figure 15 - Mean Energy Balance Near Wall of Pipe Containing Small Roughness
Elements

pearing in the mean energy balance, and as a result the data presented here are
in excellent agreement with his data.

It should be noted that the production

of roughness energy shown in Figures 12 and 13 should be zero and thereby re

Figure 16.

While the direct viscous dissipation is negligible over the central

portion of the pipe, the availability increases from zero in moving from the
presents an indication of the magnitude of the experimental error.
center line toward the wall.

This available energy is converted directly to

The mean energy balance for flow in the pipe containing the small roughness
both turbulence and roughness energy, the roughness energy production slightly
elements is shown in Figures 14 and 15.

A behavior very different from the
exceeding the turbulence energy production.

This difference between roughness

smooth pipe behavior may be observed for the central region of this pipe in
and turbulence energy production increases as the wall is approached.
Figure 14.

Again, the dissipation is negligible throughout this region, while

the availability of mean energy increases from zero in moving from the center
line toward the wall.

However, only about half of the available energy is

converted to turbulence energy in this case, and the other half is converted
to an energy associated with the presence of the roughness elements, hereafter
termed roughness energy.
Near the wall, as shown in Figure 15, the turbulence production is seen to
increase over the production of roughness energy until a maximum turbulence pro
duction occurs just above the mean height of the roughness elements.

At this

point, turbulence and roughness energy production terms are nearly equal.

The

availability of mean energy begins to increase sharply at about 6 roughness
diameters from the wall, but the direct viscous dissipation does not increase
substantially until just below the tops of the roughness elements.
A somewhat similar behavior for the mean energy quantities in the central
region of the pipe containing the large roughness elements is indicated in

The same trends described in the previous paragraph persist in the wall
region, as indicated in Figure 17, until the roughness energy production begins
to decrease at about 1.5 roughness diameters from the wall.

Also at this

point, both the availability and turbulence production terms increase sharply

diffusion of turbulence kinetic energy is negligible throughout the central
region of the pipe.

Again it should be noted that the convective diffusion

term, x> was calculated as the closing entry in the turbulence energy balance,
and any experimental errors will thus be included in this term.
Near the wall of the smooth pipe, all energy quantities are seen, in

to maximum values, and then decrease as the roughness elements are approached.
In addition, the dissipation term increases slightly in this region, although

Figure 19, to reach pronounced maximum values.

its magnitude remains small.

edge of the viscous sublayer, yu*/v = 8.

These maxima all occur at the

The turbulence production in this

region is balanced by a loss of energy by dissipation and by diffusion from
this region.

This diffusion occurs both by gradient type diffusion of tur

bulence kinetic energy and by convective diffusion of total turbulence energy.
These results are seen to be in reasonable agreement with those previously
obtained by Laufer.^

Figure 17 - Mean Energy Balance Near Wall of Pipe Containing Large Roughness
Elements
In summary, experimental measurements of the quantities appearing in the
mean energy balance indicated that the bulk of the available energy is taken
from the mean flow in a narrow region adjacent to the wall for all three pipes.
In the central region of these pipes the availability was found to approximately
equal the conversion to other forms of energy.
energy was converted to turbulence energy,

In the smooth pipe all of this

while a greater portion was converted

to roughness energy as the size of the roughness elements was increased.
Near the wall sharp increases in all energy terms occurred.

Direct

In the central region of the pipe containing the small roughness elements,

viscous dissipation was seen to represent the fate of a considerable portion

the turbulence produced at a given point in the flow field is approximately

of the available mean energy in the smooth pipe, and proportionately less

dissipated directly at that point (see Figure 20).

energy was dissipated directly as the roughness size was increased.

production again vanishes at the pipe center line while the dissipation does

Instead,

a part of the available energy was converted into roughness energy.

not.

As before, the energy requirement in this region is satisfied by the

convective diffusion of total
D.

However, the turbulence

turbulence energy to this region, by a conver

Turbulence Energy Results
sion of energy from roughness to turbulence energy, or by a combination of
The turbulence energy balance, Eq. 13, as determined for the central re

gion of the smooth pipe is shown in Figure 18.

Throughout this region, except

at the pipe center line, the turbulence is essentially in energy equilibrium;
i.e., the majority of energy produced at a given point in the flow field is
directly dissipated at that point by viscous action.

However, a convective

diffusion of total turbulence energy is observed to occur in a direction
toward the center of the pipe.
is balanced by a nonzero

The resultant energy gain at the center line

dissipation function at that point.

The gradient

Figure 18 - Turbulence Energy Balance in Central Region of Smooth Pipe

both of these effects.
As the wall is approached, Figure 21 indicates a pronounced increase in
all of these energy quantities.

The maximum value of each of these quantities,

except the gradient diffusion of turbulence kinetic energy, occurs at a dis
tance of about 2 roughness diameters from the wall.

Peaks in the gradient

diffusion term, and in x> ate also observed just below the mean height of the
roughness elements.

Thus, it appears that the points of maximum turbulence

production and dissipation have been shifted away from the wall by the presence

Figure 23 - Turbulence Energy Balance Near Wall of Pipe Containing Large
Roughness Elements

y/R
Figure 21 - Turbulence Energy Balance Near Wall of Pipe Containing Small
Roughness Elements

maximum turbulence production occurs.

Near the center line the production

vanishes in all cases while the dissipation does not.
of the roughness elements.

In addition, there is a loss of turbulence energy

This requires a gain

of energy in this area in order to satisfy the energy balance, and such a gain

in this region due to the convective diffusion of total turbulence energy or

is by convective diffusion of total turbulence energy or by a conversion

to a conversion of turbulence energy to roughenss energy.

roughness energy to turbulence energy.

Energy is transferred

of

Also, at the point where production is

from just below the tops of the roughness elements toward the center of the

a maximum, the production is significantly larger than the dissipation, thereby

pipe by a gradient type diffusion of turbulence kinetic energy.

necessitating an energy transfer from this region.

The turbulence energy balance for the central region of the pipe con
taining the large roughness elements is shown in Figure 22.

Again the turbulence

Several roughness effects on the turbulence energy balance are very pro
nounced.

First the gradient diffusion of turbulence kinetic energy is sub

production and direct viscous dissipation are essentially in equilibrium over

stantially suppressed as the roughness size is increased.

the major portion of the pipe, and a convective

at which x first becomes positive is shifted toward the wall as the roughness

diffu^-'on, or conversion from

The radial position

roughness energy, balances the direct dissipation near the center line of the

size is increased.

pipe.

quantities occur appears to be shifted away from the wall by the presence of the

One evident difference from the two previous cases is that x remains

negative until a point much nearer the wall is reached.

Also, it is nearly

roughness elements.

Finally, the point at which the maxima in the various energy

Thus the roughness elements apparently represent a signifi

cant disturbance in the region where turbulence is produced for flow in a
smooth pipe.

SUMMARY AND CONCLUSIONS
This paper has presented the results of an experimental and analytical
investigation of turbulent flow in sand roughened pipes, with emphasis on the
9

various energy relationships.

It had previously been found necessary

to in

clude mean radial and angular velocity components in the governing momentum
equations in an analysis of turbulent flow in rough pipes, and a spatial
averaging process was also found to be convenient.

This same technique was

utilized in the current investigation in order to develop appropriate forms
of mean and turbulence energy balances.
The mean energy balance developed in this manner indicated that the mean
energy available due to the longitudinal pressure drop along the pipe was
Figure 22 - Turbulence Energy Balance in Central Region of Pipe Containing
Large Roughness Elements

partly converted to turbulence energy by action of the u^u^ shear stress,
partly converted to roughness energy by action of the {Uj^} shear stress,

zero

over the major portion of the pipe, but obviously becomes negative at

about 2 roughness diameters from the wall before increasing to a maximum

value.

Figure 23 indicates that all of the roughness quantities attain maximum
values near the mean height of the roughness elements.

One exception to this

is the gradient diffusion of turbulence kinetic energy which is negligible
throughout the entire flow field in this case.
In summary, regardless of the wall roughness, the direct viscous dissipa
tion of turbulence energy was found to be nearly identical to the turbulence

and partly dissipated directly by viscous action.

The resulting turbulence

energy balance indicated that the turbulence energy produced was partly dif
fused by a gradient type diffusion of turbulence kinetic energy, partly dissipated
directly by viscous action, partly diffused by a convective diffusion of total
turbulence energy, and partly converted to or from roughness energy.

The con

vective diffusion and conversion terms were included as a single parameter
which served as the closing entry in the turbulence energy balance.
An experimental investigation was then devised for determining the

production over the majority of the flow field so that the turbulence is in

various quantities appearing in these energy balances.

energy equilibrium. Exceptions to these statements are evident for all three

sisted of a one-foot diameter, closed circuit, wind tunnel utilizing sand

The apparatus con

pipes at two radial positions, the pipe center line and the point where a

grains as the roughness elements.

Turbulence parameters measured using con-
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SYMBOLS

F.

parameter define by Eq. 3

h.

parameter defined by Eq. 2

P

instantaneous pressure

P

fluctuating pressure

1
1

2

q

turbulence kinetic energy defined by Eq. 12

R

pipe radius, 5.942 inches

t

time

u.i

instantaneous velocity in x^ coordinate direction

u.
l

fluctuating velocity component in x^ coordinate direction

u*

shear velocity, /R(-dP/dx^)/2p

W

dissipation function defined by Eq. 11

X

any dependent variable

x .
l

cylindrical coordinate system component

y

distance from wall,

R - X2
DISCUSSION

spatial microscale in x^ coordinate direction

r1

normalized mean energy available, VX2 (dU^/dx2 )/Ru*

r2

turbulence energy production, v u^U 2 (dU^/dx2 )/u*^

r3

roughness energy production, v{U^U 2 )(dU^/dx2 ) /u*^

r4

direct viscous dissipation of mean energy, v^(dU^/dx2 )^/u*<!l

r5

gradient diffusion of turbulence kinetic energy,

S. J. KLINE (Stanford University):

d ^

The work of Liu to which Dr. Blake already

referred suggests pictures which would be in agreement with what you're saying.
I'd like to describe that because I think it's relevant to a couple of things
that have been said.

But before I say that, the kind of data you have here, it

seems to me, are not what we were talking about when we were talking about
statistical data yesterday.

These are overall energy balances.

If the statisti

cal structural models are adequate one ought to be able to explain the kinds of
energy flows you are describing— that is from place to place.

In Liu's study,

bar height was constant and the distance between them was varied.
n

NACA

When the

small radial separation distance
bars are not more than about one bar spacing apart the wall acts essentially

V

kinematic viscosity

5

small angular separation distance

smooth, but if you go to larger spacings, say two or more, then very large
roughness effects are observed.
P

12 and 24.

x

Moreover with a very flat peak somewhere between

fluid density
This is a remarkably large number of spacings.

You would think

energy term defined by Eq. 14
you'd get a maximum roughness earlier than that, but you don't.

1

indicates longitudinal direction

2

indicates radial direction

3

The reason is

because at higher spacings the flow dips into the cavities, and then separates

Subscripts

indicates angular direction

over the next bar which destroys the streak structure on the tops of the bars.
At low spacings, you still see the low-speed streaks on the bars.

As Grass in

England has also noted at high spacings, instead of seeing the lifting of slowspeed streaks, you see what looks like instabilities along the free shear layer

Overbar denotes time average

generated by the separation over the roughness element.

Prime denotes rms value

out from the wall.

{ } denotes spatial average defined by Eq. 5

very much with pictures you're giving.

This occurs farther

It is above the top of the wall, and hence it would agree

In connection with the earlier discussion of the energy balances, people
often fail to observe that in fact there is more turbulence energy produced than
dissipated in the boundary layer or in the wall case as your data show.

In the

POWE:

Experimentally, we could not determine it.

What we're saying is that

these mean radial and angular velocity components have to exist, but apparently
they were too small to be detected by the instrumentation that we had.

We did

boundary layer the stream-wise derivation of the total flux of turbulent kinetic

attempt to take measurements in various angular orientations.

energy is monotonically increasing forever, which means more turbulence is being

measurements were taken along a vertical axis, but we could rotate the hot wire

produced than is dissipated, even from a smooth wall.

to various angular positions.

So it's hardly surprising

But, we couldn't detect any difference in any of

the quantities, specifically in the u^u^cross correlation.

that in a rough wall you should see that trend increased.

Most of our

Therefore, the

angular variations are apparently very small.
POWE:

We have another paper coming out in which we measured the energy spectra

and calculated the micro and macro scales.

The small roughness elements had very

A. FABULA (Naval Undersea R & D Center):

Is there any problem in the definition

little effect on the longitudinal extent of the large eddies in the flow field,

of shear velocity (u*) in a rough pipe for which the surface area of the pipe

if you interpret these measurements in terms of eddies.

may not be well defined.

However, the small

eddies appeared to be stretched as they would intermesh with the small roughness
POWE:
elements.

The shear velocity was determined by wall tap pressure measurements.

We

The large roughness elements would completely disrupt the longitudinal
measured the pressure drop along the pipe at at least 8 different locations, and

extent of the large eddies essentially right at the roughness elements, and the
in each longitudinal position there were b wall taps around the pipe.

We were

small eddies tended to become the same dimension in all three directions, thereby
able to obtain very consistent results doing this.

We did not change the pipe

appearing to just fit right down in between the roughness elements.
diameter for the rough pipes but continued to use the smooth pipe diameter.
V. GOLDSCHMIDT (Purdue University):

How did you determine the space averaging

procedure and did you perform it experimentally?

